Abstract: Red spruce (Picea rubens Sarg.) and balsam fir (Abies balsamea (L.) Mill.) are sympatric in much of the Acadian Forest, but their relative regeneration success during the changing climates of the Holocene and after harvest in the modern forest has been distinctly different. Early life stage behavior may contribute to these differences. We report that seed germination by red spruce was equally fast and complete in warm and cool temperature regimes, while balsam fir germination was slower and less complete in both, especially the cool regime. Also, seedling shoot growth of red spruce exhibited a highly plastic response to increased light and water by maintaining continuous neoformed growth throughout the growing season, while balsam fir seedlings set bud after very little epicotyl development. Therefore, the root/shoot ratio of balsam fir was about twice that of red spruce, regardless of available light or water. Neoformed shoot growth under conditions of ample moisture and light would give red spruce a competitive advantage, but the relatively high root/shoot ratio of balsam fir seedlings would lower the likelihood that water and (or) mineral nutrients would limit shoot growth. The effects of these and other differences in life stage behavior on species abundance over time are discussed.
Introduction
The spruce-fir forest is one of the largest and most important ecosystems in the Acadian Forest of northern New England and the Canadian Maritimes. Two economically valuable species, red spruce (Picea rubens Sarg.) and balsam fir (Abies balsamea (L.) Mill.), dominate this ecosystem. While the range of balsam fir is largely boreal and that of red spruce temperate, they are sympatric in much of the Acadian Forest. The two species have differed greatly in their responses to climate change since the last ice age. Post-harvest regeneration behavior also differs; for example, red spruce seedlings grew more slowly than balsam fir over a 10-year period after overstory removal (Westveld 1931) . But there are few studies comparing differences in early life stage behavior (in terms of seed germination and early seedling development) and how these differences might affect the abundance of these two species over time.
Past abundance
Within the past 1000 years, populations of several boreal forest taxa, including white spruce (Picea glauca (Moench) Voss), black spruce (Picea mariana (Mill.) BSP), and balsam fir, expanded along the southern margins of their distribution in Canada and along the northern tier of the United States from Minnesota to Maine (Schauffler and Jacobson 2002) . Palnyological evidence shows a strong expansion of spruce in the Great Lakes -New England region, especially during the past 500 years, while balsam fir showed little change. The expansion of spruce appears to have been correlated with summer cooling estimated to be about 1 8C during the Little Ice Age. Recent research has shown that red spruce, which was either rare or absent in the late-glacial spruce forests, was responsible for most of the recent spruce population increase by moving north and inland from coastal refugia (Lindbladh et al. 2003) .
Pollen strategraphies show that peaks of pollen abundance did not coincide between spruce and fir (Schauffler and Jacobson 2002) . About 10 000 to 11 000 years ago, the abundance of spruce reached maximum levels, while fir, never as abundant as spruce, was relatively rare. Throughout most of the Holocene, spruce remained well established along coastal areas of Maine but was less abundant at inland locations where the climate was warmer and drier. Within the last 1000 years, the abundance of red spruce has increased at inland locations, while balsam fir has shown little change (Lindbladh et al. 2003) . Thus, climatic change has affected the abundance of red spruce and balsam fir at specific locations in different ways.
Present-day abundance
Over the last century, post-harvest regeneration in the spruce-fir forest has been dominated by balsam fir, particularly in unburned clearcuts (Westveld 1931; Place 1955; Randall 1976; Brissette 1996) . Red spruce is much longer lived and can attain greater size than balsam fir (Blum 1990; Frank 1990) . Even when there is ample mature, coneproducing red spruce in the overstory following selection harvest, balsam fir regeneration still predominates. For example, Brissette (1996) reported that balsam fir regeneration (seedlings less than 15 cm tall) outnumbered spruce 17 239 to 6635 under a wide range of silvicultural treatments, despite the fact that the area included a total of 1353 spruce and 1128 fir trees greater than 11 cm in diameter that were potential seed producers. Of the spruce trees, 628 were greater than 21 cm in diameter, while only 25 balsam fir exceeded this diameter. Visual estimates of cone production indicated that the larger red spruce trees are producing large cone crops periodically. In a spruce-fir stand in Northern Maine, Randall (1974) showed that the seed rain over a 6-year period was about three times greater for red spruce than for balsam fir, which was proportional to the basal area of both species. But despite more numerous red spruce seed, balsam fir regeneration still predominated in an unburned clearcut. Thus, it is unlikely that seed production and dispersal accounted for the overall dominance of balsam fir regeneration.
What life stages are the most critical determinants of species abundance?
As long-lived woody perennials, red spruce and balsam fir undergo a series of life stages, beginning as tiny seedlings striving to survive and compete successfully for resources with other plants and ending as large, dominant individuals that produce seed for the next generations (see Table 1 ). Because large, well-established trees have much higher survivorship, seed germination and seedling establishment are among the most critical of these stages. Place (1955) presented evidence that germination success, seedling root/shoot ratios, and shoot growth behavior differed markedly between red spruce and balsam fir, but almost no statistical analysis of the data was presented. Here, we report on a series of controlled experiments that compared the effects of temperature, light, and moisture on seed germination and early seedling development of red spruce and balsam fir. We propose the hypothesis that critical early life stage differences in germination behavior and seedling morphology will help to explain differences in the past and present abundance of these two species in the Acadian Forest.
Materials and methods

Plant material
Red spruce and balsam fir seed were obtained from the National Tree Seed Centre (Natural Resources Canada, P.O. Box 4000, Fredericton, NB E3B 5P7, Canada). To provide a broad genetic base for the experiments, equal amounts of seed from five seed sources with good germination potential (from provenances located between 45 and 478N. latitude, where the two species are sympatric in the spruce-fir forest in northern Maine and New Brunswick) were combined prior to sowing for experimental sets 1, 3, and 4. The relatively large amount of seed needed for experimental set 2 was obtained from F.W. Schumacher Inc. (Sandwich, Massachusetts) . Details about collection and viability of these seed lots are shown in Appendix A.
The following sets of experiments were conducted to assess the effects of temperature, water stress, and light inten- sity on seed germination and early seedling development. In all experiments, light intensity and surface soil temperature were monitored using type-T thermocouples and a LI-190 quantum flux sensor (Licor Inc., Lincoln, Nebraska) attached to a Campbell CR 10 datalogger.
Set 1: Effects of temperature and water stress on seed germination Several experiments were conducted comparing germination in response to two temperature regimes. Within each regime, seeds were exposed to water potentials of 0, -0.03, -0.13, -0.25, and -0.51 MPa. Seeds from the National Tree Seed Centre were soaked at room temperature for 24 h in 3% hydrogen peroxide and then sown, with and without stratification (water-saturated seed placed in plastic bags at 4 8C for 20-60 days), in closed plastic containers (Rubbermaid, 30 cm Â 30 cm Â 5 cm) lined with three layers 9 in. Â 9 in. Technicloth wipes (Fisher Scientific). Each treatment (a single tray) included 25 seeds of each species, 5 from each seed lot, for a total of 50 seeds per tray. The Techicloth wipes were saturated with distilled water or polyethylene glycol 8000 (PEG) to provide water potentials ranging from 0 to -0.51 Mpa (Michel 1983 ) during germination. Two temperature regimes, warm (30 8C during the 16 h photoperiod and 20 8C during the 8 h dark period) and cool (20 8C during the 16 h photoperiod and 10 8C during the 8 h dark period), were provided in Percival E-54B and MV-60B growth chambers. These regimes were not optimal for germination but were chosen to contrast germination response to temperature. Low light intensities of about 70 mmolÁm -2 Ás -1 were provided during the photoperiod by fluorescent and incandescent lamps. Number of germinants (radicles >0.5 cm long) was recorded daily until germination was complete. Water potential of -0.51 Mpa almost completely inhibited germination of both red spruce and balsam fir, while potentials of -0.03 and -0.13 Mpa had little effect. Therefore, these potentials were excluded from subsequent experiments, and results were analysed using repeated-measures ANOVA (model: no. of germinants per day = 2 species Â 2 temperatures Â 2 PEG).
Set 2: Effects of water stress on seed germination and early seedling development
The effects of water stress on seed germination and early seedling growth were also investigated by sowing seed (from S.W. Schumacher) in organic horizon soil obtained from a spruce-fir stand in Acadia National Park. The top 10 cm was removed and homogenized by sieving through a 5 mm wire mesh screen. The soil was placed in 13.5 wide and 6.5 cm deep plastic pots (TLC Polyform Inc.) and saturated with water and 25 seeds were sown in each pot. The total water-holding capacity of this soil was 400% of its dry mass, and water content was monitored gravimetrically to achieve six levels of water stress by rewatering the pots when they reached about 13%, 25%, 38%, 50%, 63%, and 75% of the saturated pot mass. The experiment was set up in two blocks (one in each of the two growth chambers described above) with two replicates in each. Temperatures were 25 8C during the 16 h photoperiod and 15 8C during the 8 h dark period, which were closer to optimal germination temperatures (M.S. Greenwood, unpublished data (2008) ). Each replicate included six pots with 25 seeds per pot per species, with four replicates in each growth chamber. The pots were weighed daily to determine percent moisture content. Number of germinants (cotyledon emergence above soil) was counted daily and the seedlings were harvested after 15 weeks, when shoot and root length were measured. Root and shoot weights were taken after drying at 60 8C for 72 h. This experiment was repeated outdoors in a shade frame under ambient temperature conditions. The ANOVA model for both seed germination and seedling morphology included 2 species Â 2 blocks Â 6 treatments.
Set 3: Effects of shading on seed germination and early seedling development
Seed germination and early seedling development were followed over one growing season under light conditions approximating the light conditions in a forest gap (60% full sun) and under a forest canopy (10% full sun). These light regimes, based on data from Kuppers et al. (1996) and Messier et al. (1998) , were created using neutral-density shade cloth. Seed of both species was stratified for 40 days and 19 seeds of each species were sown in 20 cm Â 12 cm pots containing peat-sand-vermiculite (2:1:1) on 21 April to a depth of about 0.5 cm and placed in a heated glass house. The experiment was replicated in six blocks, three in each light regime, with three pots per species per block. Number of germinants (emergence above the soil) was recorded daily. The experiment was moved outside in mid-May when danger of frost had passed, and 2 g of Osmocote 18-6-12 (Scott-Sierra, Milpitas, California) was added to each pot. Seedlings were destructively sampled on 7 July, 30 August, and 14 November (75, 135, and 210 days from sowing) and shoot and root length (longest primary root) were measured. Root and shoot weights were taken after drying at 60 8C for 72 h. Areas of the root system and foliage were estimated using WinSeedle software (Regent Instruments, Quebec City, Quebec). The ANOVA model included 2 species Â 3 blocks Â 2 light regimes.
Set 4: Effects of drought on seedling survival
Germinants from set 1 were planted in 115 cm 3 Ray Leach Cone-tainers (Stuewe and Sons Inc., Corvallis, Oregon) containing peat-sand-vermiculite (50:25:25) plus 4 kgÁm -3 Osmocote 18-6-12 and grown in a heated greenhouse under a 16 h photoperiod with ample watering. After 2 months (May 2002) and 5 months (August 2002), samples of 20-25 seedlings of each species were watered to field capacity. Water was then withheld (loss was measured gravimetrically) until seedlings began to show stress symptoms, at which time the seedlings of both species were rewatered and kept outdoors. Surviving seedlings were counted in late October 2002. Prior to each drought treatment, 7-10 seedlings of each species were destructively sampled to estimate root and shoot dry weight, total root system length, and number of lateral roots. A similar experiment was conducted with 10 seedlings of each species grown together for 150 days in a 36 cm Â 36 cm Â 12 cm flat instead of separate containers. Water was then withheld and the flats were rewatered when stress symptoms were observed.
Morphology of naturally occurring seedlings
To compare the root and shoot morphologies of naturally occurring seedlings with those of pot-grown seedlings in the above studies, red spruce and balsam fir seedlings of different ages were carefully excavated from the understory of an undisturbed spruce-fir stand in Danforth, Maine, where seedlings of both species had seeded in from surrounding trees. The seedlings were grouped into three age classes:
(1) first-year germinants, (2) 1-to 2-year-old seedlings, and (3) 3-to 5-year-old seedlings. The ages of classes 2 and 3 were approximated by counting the number of annual growth flushes, which are distinguished by different-aged needles separated by a gap between years, which sometimes includes branches. The stem of the current year's growth appears green and succulent, while the periderm is progressively better developed the older the stem. Root and shoot length were measured and shoot and root dry masses measured after drying at 60 8C for 72 h. There were 10-20 seedlings in each age class for each species, and differences were analysed by one-way ANOVA.
Data analysis
Data were analysed with ANOVA using SAS 9.0 (SAS Institute Inc., Cary, North Carolina) or R 2.4.1 (R foundation for Statistical Computing). If residual analysis indicated lack of normal distribution, log or square root transformations were used so that all analyses met ANOVA assumptions. Germination rates were compared using repeatedmeasures ANOVA. Tukey's HSD procedure was used to detect significant differences among individual means.
Results
Effects of temperature on seed germination
In experiments sets 1-3, red spruce always exhibited a higher percentage of final germination than balsam fir, and the results of a representative experiment are shown in Fig. 1 . Since stratification had little effect on germination of either species, the results of four separate experiments from set 1, all showing similar trends, were combined to increase sample size for a paired t test of germination rates (number germinants per day). The germination rates for red spruce under warm and cool conditions were similar and not significantly different (P < 0.229), while balsam fir germinated significantly faster under warm conditions (P < 0.0001).
Effects of water stress on seed germination
The lowest level of constant water potential, -0.51 Mpa imposed via PEG, almost completely inhibited seed germination of both species at both temperatures. Water potentials greater than -0.13 Mpa were only slightly inhibitory. The pooled results of three experiments from set 1 comparing -0.25 Mpa with the control under both temperature regimes show that overall, there was no difference in the response between the two species (germination was reduced by 54% for red spruce and by 52% fir balsam fir). Given the variation between experiments, interactions between water potential and temperature could not be detected.
Balsam fir and red spruce germination was also affected by episodic water stress, which was applied by drying soil to different moisture levels prior to rewatering (Table 2) . Rewatering frequency ranged from every other day to approximately every 10 days. Only the highest levels of stress significantly decreased germination, producing decreases comparable with those with constant PEG-induced stress at -0.25 Mpa. Periodic drying to soil moisture levels as low as 25% did not affect the final percent germination of red spruce or balsam fir, but 13% soil moisture did slightly but significantly decrease final percent germination in both species. Soil moisture levels of 13% and 25% both significantly increased the average time for an individual seed to germinate. Germination occurred in a stepwise fashion in response to rewatering, which, as would be expected, was more pronounced the longer the dry-down period (Fig. 2) .
When this experiment was repeated outdoors in mid-June, the germinating seed experienced much higher light levels (about 33% full sunlight), more air movement, and greater daytime temperature variation with maxima 6 8C higher than in the growth chamber, which resulted in even more rapid soil drying. Balsam fir seed showed a more pronounced response to episodic water stress than in the growth chamber, but also the highest germination levels seen in all of the experiments reported here. When soil moisture was maintained at 50% or above, 80% of the balsam fir seed germinated, but germination declined to 59%, 37%, and 4% at moisture levels of 38%, 25%, and 13%, respectively. Most notable is the much sharper decline in percent germination compared with the response to comparable moisture levels in the growth chamber experiment (Table 2) . For unknown reasons, little red spruce seed germination was detected under these conditions, so no results are presented. We cannot rule out the possibility of differential seed predation in the outdoor environment, since disappearance of seed was observed.
Effects of water stress on early seedling development
Soil moisture regimes ranging from 13 to 75% had no significant effect on seedling dry weights of either species (P = 0.33) after 15 weeks in the growth chambers (see Table 3 ). Root/shoot ratios for balsam fir were always significantly greater than those for red spruce (P < 0.0001) and did not vary with moisture regime.
Effects of shading on seed germination and early seedling development
Midday light levels averaged about 560 mmolÁm -2 Ás -1 without shade and about 60 mmolÁm -2 Ás -1 with shade. Soil temperatures during the night were similar with and without shade, but midday temperatures averaged 27 8C without shade and 21 8C with shade. The germination rates for each species were similar (P = 0.871) with and without shade, and there was no difference in final percent germination (Fig. 3) . Sharp contrasts between the response of each species with and without shade developed over the course of the growing season (Figs. 4 and 5A-5D ). Without shade, red spruce shoots elongated much more rapidly than those of balsam fir through the harvest of 30 August, while with shade, there was little difference in shoot growth (Figs. 4A and 4B and 5A-5D) until the harvest of 14 November, when red spruce shoots were slightly longer (P < 0.0001). Without shade, balsam fir root lengths were significantly greater (P < 0.0001) for the July and August harvest dates, but there was no significant difference at the November harvest date (Fig. 4C) . In the shade, balsam fir root length was significantly greater (P < 0.0001) than red spruce root length at the July harvest date only (Fig. 4D ). With and without shade, total seedling dry mass for balsam fir seedlings exceeded red spruce at the July harvest date (P < 0.0001). Without shade, red spruce dry masses were significantly greater than those of balsam fir at the August and October harvest dates (Fig. 4E) . In the shade, there were no signifi- cant differences at the August harvest date (P = 0.612), but total seedling dry mass of red spruce was significantly greater (P < 0.005) at the October harvest date (Fig. 4F ).
With and without shade, the proportion of total biomass allocated to roots (root/shoot ratio) increased across all three harvest dates for both species, but the increase was greater for balsam fir with and without shade at all three harvest dates (Figs. 4G and 4H ). Without shade, the root/shoot ratio increased from 0.37 to 0.92 for balsam fir and from 0.15 to 0.54 for red spruce. In the shade, the increase was much less rapid: 0.22-0.38 for balsam fir and 0.05-0.26 for red spruce.
Effects of drought on seedling survival
After 2 months of growth, the seedlings of both species (from set 1 used in set 4) were about the same size with similar root/shoot ratios; however, red spruce had a much finer root system with more lateral roots. When water was withheld from the 2-month-old seedlings until approximately half of the seedlings showed symptoms of water stress, mortality in response to the drought treatment was similar for both species, with 80% of fir and 70% of spruce seedlings failing to recover after rewatering. After 5 months of growth, red spruce seedlings had continued neoformed shoot growth and were much larger than balsam fir seedlings (Figs. 5E and 5F). The dry mass of red spruce seedlings was then almost four times greater than that of balsam fir, but the root/shoot ratio for fir was more than twice as great as for red spruce. When water was withheld from the 5-month-old seedlings, red spruce depleted soil moisture faster and alone showed stress symptoms of greying foliage. After rewatering, only 12% of the spruce seedlings fully recovered, compared with 100% recovery for balsam fir. The experiment was repeated with 5-month-old seedlings of both species growing together in the same flat so that the rate of soil moisture depletion was the same for both. Mortality was similar for both species, with nearly all of the seedlings of both species failing to recover after rewatering.
Morphology of naturally occurring seedlings
The changing morphological characteristics of three age classes of natural seedlings growing in the understory of a mixedwood forest are shown in Table 4 . First-year germinants (age class 1) of red spruce had significantly longer shoots (P < 0.001) but shorter roots (P < 0.03) than balsam fir, while balsam fir shoots and roots had significantly more biomass than those of red spruce (P < 0.001). The root/shoot ratios for biomass were not significantly different between the species (P = 0.675). One-to 2-year-old seedlings (age class 2) of both species exhibited similar (P < 0.67) shoot lengths, but the roots of balsam fir were still significantly (P < 0.03) longer. Balsam fir seedlings continued to have greater (P < 0.01) root and shoot biomass, but the root/shoot biomass ratio was now significantly greater for balsam fir (P < 0.02). Three-to 5-year old seedlings (age class 3) did not differ in terms of shoot or root length (P > 0.67), and the shoot biomass of both species was closely similar (P = 0.97). Although the root biomass of the balsam fir seedlings was overall 55% greater than that of red spruce, the difference was not significant (P = 0.084). However, the root/ shoot ratio of balsam fir was still significantly greater than that of red spruce (P < 0.008).
Discussion
Results from our sets of experiments, summarized in Table 5, demonstrate that balsam fir and red spruce seedlings develop differently during their early life stages and respond in different ways to variation in temperature, moisture, and light. Red spruce germinated more rapidly and completely than balsam fir in all growth chamber experiments, and neither rate nor completeness of germination was affected by the two temperature regimes. Balsam fir seed took about twice as long to complete germination and showed less complete germination at the lower temperature. The most complete germination of balsam fir was observed in the outdoor trial in mid-June where temperatures as high as 35 8C were recorded. Virtually no red spruce seed germination was detected under the same conditions, but seed loss was observed that may have been due to differential predation, given that the seed bed was not protected from mice. Seed predators seem to prefer spruce seed over fir seed in feeding studies (Abbott and Hart 1960) , but estimates of the effect of this preference on seed predation in natural seed beds Table 4 . Root and shoot length and mass relationships with increasing age in red spruce and balsam fir seedlings in the understory of a natural spruce-fir stand including new germinants (age class 1), 1-to 2-year-old seedlings (age class 2), and 3-to 5-year-old seedlings (age class 3). Note: Different letters in rows within each age class indicate that the difference between species means (±SE of the mean) is significant at P < 0.05. Increases almost twice as fast as balsam fir with high light; no effect of soil moisture range of 25%-75%
Initially greater than red spruce in both light and shade; comparable rates of increase in shade; no effect of soil moisture range of 25%-75%
Note: Italics indicate a significant difference between species and bold italics indicate a plastic response.
vary from no effect to a 2:1 preference for spruce (Kanoti 2005) . The observation that seed germination by red spruce was equally fast and complete in warm and cool temperature regimes, while balsam fir germination was slower and less complete in both, especially the cool regime, is somewhat surprising. Balsam fir's distribution is largely boreal in contrast with the temperate distribution of red spruce, which corresponds to the superior frost hardiness of balsam fir (Bannister and Neuner 2001) . Jack pine (Pinus banksiana Lamb.), whose range is also largely boreal, germinated faster under cool temperatures than pitch pine (Pinus rigida Mill.), whose distribution is also temperate (Greenwood et al. 2002) . Since neither the completeness nor rate of germination of red spruce was affected by the lower temperature regime, this finding may help explain the strong regional expansion of red spruce during the last 500 years, which was associated with summer cooling of about 1 8C (Schauffler and Jacobson 2002; Lindbladh et al. 2003) .
Although temperate and boreal conifers do not ''bank'' seeds awaiting optimal germinative conditions in subsequent growing seasons (Farmer 1997) , we suggest that the more deliberate germinative strategy of balsam fir may represent what is effectively a short-term banking approach. Germinating over a longer period will expose emerging seedlings to a wider variety of environmental conditions, some of which may be optimal for subsequent survival. Late germinants are likely to encounter warmer conditions, which may explain why balsam fir shows a more plastic response to warm temperatures in the form of more complete germination. In contrast, red spruce's rapid ''go for broke'' germination strategy will assure a uniformly aged cohort of seedlings under both warm and cool conditions that will all perish if a prolonged dry period immediately follows emergence. Newly emerged seedlings have been shown to be highly vulnerable to drought (Engelbrecht et al. 2006) . Ungerminated balsam fir seed is more likely to survive the dry period and then germinate when conditions become more favorable. Delayed germination is compatible with the observation that this species germinates better under warmer temperatures. Once the germination process began, we could not detect any difference in germination completeness in response to water stress.
The capacity for neoformed shoot growth (the formation of stem units immediately followed by elongation without an intervening dormant period) by red spruce represents plastic response to ample light and moisture. This is in dramatic contrast with the behavior of balsam fir shoots, which showed little growth in the first year even under optimal conditions. Place (1955) also reported more first-year epicotyl growth by red spruce than by balsam fir under open conditions but reported approximately equal shoot masses for both. This pattern is in strong contrast with the results presented here, where red spruce epicotyls put on nearly 10 times as much biomass as balsam fir given ample light and water in the first growing season. Place (1955) noted that drought during July in his study may have inhibited seedling growth, especially in the full-light treatment. Clearly, given ample water and light, red spruce seedlings have the capacity to reach much greater size than those of balsam fir during a single growing season. Randall (1976) compared spruce and fir regeneration in two clearcuts in northern Maine, one burned soon after harvest and the other not. Although the seed rain was three times greater for red spruce in both clearcuts, red spruce establishment was favored only in the burned-over clearcut, while balsam fir establishment was favored in a nearby unburned clearcut. In the burned clearcut, increased light levels may have benefited red spruce, while shade produced by competing vegetation in the unburned clearcut may have lessened neoformed growth. It is unknown at present whether or not red spruce can produce neoformed growth in subsequent growing seasons, but other spruces lose this capacity after 5-10 years (Grossnickle 2000) .
In first-year germinants, the primary roots of balsam fir were significantly longer than those of red spruce (see Table 4 ; Fig. 4 ), which is consistent with similar observations made by Place (1955) and Klein et al. (1991) . As seedlings aged, balsam fir seedlings allocated relatively more biomass to roots regardless of environmental conditions, confirming similar observations by Place (1955) .
Sixty-day-old seedlings of red spruce and balsam fir exhibited similar biomass and root/shoot ratios (see Fig. 5E ), and mortality from drought was also similar for both species. In contrast, 150-day-old red spruce seedlings grown in separate containers (see Fig. 5F ), with a root/shoot ratio less than half that of balsam fir, exhibited extensive mortality in contrast with none for balsam fir. Red spruce seedlings lost water more rapidly than balsam fir due to relatively greater transpirational area, since they not only allocated more biomass to shoots but also allocated a higher proportion of the latter to foliage (Schatz 2007) . Thus, the balsam fir seedlings may have avoided drought stress by depleting their water supply more slowly. When the seedlings of both species were grown in the same flats so that both species simultaneously experienced identical soil moisture content, they both suffered almost complete mortality. These experiments provide no evidence for differences in physiological tolerance of red spruce and balsam fir to drought. This conclusion is consistent with our observation that there was no difference in seed germination in response to water stress imposed by PEG or soil drying.
A comparison of the morphology of seedlings grown in a natural understory with those grown in artificial media with and without shade (Table 4 ; Fig. 4 ) revealed both similarities and some notable differences. Seedling growth in the natural understory, as would be expected, followed a similar pattern to that of seedlings grown under artificial shade. Total biomass of natural seedlings of age class 1 (harvested in late summer of the first growing season) was 2.4 and 6.5 mg for red spruce and balsam fir, respectively. Total biomass of seedlings grown under artificial shade for 75 days was 4.6 and 10.0 mg for red spruce and balsam fir, respectively. Even though the total biomass of seedlings grown under artificial shade was almost twice as great as that of their natural counterparts, their root biomass was only about half as great, reflected in much higher root/shoot ratios for the natural seedlings. Growth under natural conditions was probably slowed by natural drying cycles, while the artificial potting medium that we used probably retained water better than forest floor duff. The root/shoot ratios of the natural seedlings declined in the older age classes but remained somewhat higher than those of shade-grown seedlings and were comparable with those of seedlings grown for 135 days in 70% ambient light. The latter seedlings were comparable in size and root/shoot ratio with natural seedlings in age class 3 (3-5 years). Balsam fir always exhibited greater root/shoot ratios under all conditions. The frequency of balsam fir and red spruce seedlings in the transects sampled in the natural stands was about 1:1, even though the overstory was predominantly red spruce, providing yet more evidence for preferential survival of balsam fir seedlings.
In conclusion, the early life cycle differences between these species summarized in Table 5 represent some, but by no means all, critical determinants of the abundance of these species. The regional expansion of red spruce during the last 500 years in response to cooling temperatures was probably aided by relatively more rapid and complete germination in low temperatures, and the neoformed shoot growth habit of red spruce would make its seedlings more competitive under conditions of ample light and moisture. But the relatively greater longevity and fecundity of red spruce would also contribute to its persistence in the absence of repeated disturbances such as timber harvest. In addition, red spruce is much more resistant to the spruce budworm than is balsam fir (Solomon et al. 2003) .
The relatively greater success of balsam fir in the working spruce-fir forest is probably not a function of seed germination characteristics, but its relatively high root/shoot ratio as a young seedling may enable relatively faster growth after release. Overstory removal by selective harvest has been and still is the most common harvest practice in the working spruce-fir forest (Sokal et al. 2004 ). Over a 10-year period following overstory removal, balsam fir grows relatively more rapidly than red spruce (Westveld 1931) . During most of this time, both species exhibit monocylic shoot growth, so the relatively larger and more robust root systems of balsam fir seedlings will be able to exploit available water and mineral nutrients to support greater shoot growth from preformed buds. The more rapid growth of balsam fir seedlings and saplings, combined with reproductive precocity and higher frequency of good flowering years (Blum 1990) , suits it to frequent disturbances such as repeated selective harvest. After the regeneration passes from the sapling to more mature stages, Tian (2002) found that the root/shoot ratios of older trees (median age 30 years) in terms of dry biomass declined for both red spruce and balsam fir and became virtually identical (0.24 for both species). After age 40, the volume of red spruce in mixed stands actually increases faster than that of balsam fir over all site indices (Blum 1990; Frank 1990) .
The future regional abundance of both species will be affected by both climate change and forest management practices. Botkin et al. (2007) emphasized the importance of improving the predictive capacity of individual species models by making them more realistic in terms of life stage trade-off responses to temperature and disturbance.
Recent climate model predictions indicate that the future holds a warmer climate with a slight increase in winter precipitation (Sheffield et al. 2006) , but the models are not clear about precipitation patterns during the growing season. Balsam fir has maintained a marginal but consistent presence in the landscape over the last 5000 years, without large fluctuations in abundance exhibited by the spruces and pines. Its continuing presence despite a warming climate is therefore likely, but spruce abundance may decline if drier growing seasons limit neoformed growth and current selective harvest practices continue.
